We report the full-length 5-untranslated region (5-UTR) sequences of the four vertebrate heparan sulfate/heparin GlcNAc N-deacetylase/N-sulfotransferases (NDSTs) and their role in translational regulation in vivo and in vitro. All four NDST 5-UTR sequences are unusually long, have a high degree of predicted secondary structure, and contain multiple upstream AUG codons, which together impose a major barrier to conventional, cap-dependent ribosomal scanning. At least two alternatively spliced forms of NDST2 differing in their 5-UTRs exist, and two forms of NDST4 arise from alternative transcriptional start sites. The 5-UTRs do not show any significant sequence similarity between isozymes, but possess highly conserved regions between mouse and human orthologs, pointing toward evolutionarily conserved functions. Expression of bicistronic vector constructs showed that the 5-UTRs of NDST1-4 are capable of regulating translation differentially in vivo dependent on cell type and culture conditions. In vitro translation of a reporter gene located downstream of the UTRs demonstrated the presence of internal ribosome entry sites, providing an additional, cap-independent step in fine-tuning NDST expression. Comparative studies of NDST1-3 mRNAs and protein expression in brain and embryonic extracts revealed striking differences in translational efficiency. Other genes necessary for glycosaminoglycan synthesis in addition to the NDST isozymes have long, structured 5-UTRs. Because several growth factors and morphogens that bind heparan sulfate also contain structured 5-UTRs, translational regulation may coordinate the action of these factors and their heparan sulfate co-receptors.
Heparan sulfate and heparin bind a variety of growth factors, enzymes, and extracellular matrix proteins through specific arrangements of variably sulfated sugar residues (1, 2) . Several sulfotransferases guide the formation of these binding sequences. The initial reactions involve removal of acetyl groups from GlcNAc residues, followed by sulfation of the amino group catalyzed by one or more GlcNAc N-deacetylase/ N-sulfotransferases (NDSTs) 1 (3) (4) (5) (6) (7) . Four isozymes exist in vertebrates, whereas only one is expressed in Drosophila melanogaster and Caenorhabditis elegans. The importance of NDST1 in normal physiology in mice has been established by targeted disruption of the gene, which results in embryonic and neonatal lethality due to multiple organ defects (8, 9 ). In contrast, disruption of NDST2 affects only connective tissue-type mast cells, resulting in a storage deficiency for proteases and histamine due to lack of heparin (10, 11) . The function of NDST3 and NDST4 are not yet established. As NDST1 and NDST2 show ubiquitous mRNA expression (7), the strikingly different phenotypes of the mutants point toward other modes of enzyme regulation, possibly at the post-transcriptional or post-translational level.
The leader sequences of most mRNAs are usually short (50 -70 nucleotides), contain 5Ј-m 7 G cap structures, and lack highly organized secondary structures (12) (13) (14) . These features are compatible with efficient translation by the ribosomal scanning mechanism, which is considered valid for the majority of cellular and viral mRNAs (15, 16) . Translational control of these transcripts is most commonly exerted at the rate-limiting initiation phase. The 5Ј-cap structure (m 7 GpppN) attracts the eukaryotic initiation factor (eIF) 4F complex, composed of the cap-binding protein eIF4E, the RNA-dependent ATPase (helicase) eIF4A, and the modular factor eIF4G. The small (40 S) ribosomal subunit binds to the 5Ј-end of the RNA⅐eIF4F complex along with eIF3 and the ternary complex of eIF2, GTP, and Met-tRNA i . The resulting 48 S complex then advances through the initiation cycle, resulting in lateral movement of the 43 S unit along the mRNA (scanning), usually to the first AUG triplet, which serves as the initiation codon. Upon dissociation of initiation factors, the large (60 S) subunit joins to form the 80 S ribosome. The eIF4E-eIF4G interaction with RNA is a limited controlled process, reduced by hypophosphorylation of eIF4E or the competitive inhibitors (eIF4E-binding proteins) or by phosphorylation of eIF2 (17) .
Rapid amplification of the 5Ј-ends of murine and human NDST cDNAs (5Ј-RACE) revealed long, structured, and AUGrich 5Ј-untranslated regions (5Ј-UTRs). These types of UTRs are incompatible with the described scanning mode for translation initiation due to secondary structure constraints and abortive initiation at upstream AUG codons (uAUGs) located 5Ј to the actual initiation site for translation. Complex 5Ј-UTRs are found in ϳ10% of mRNAs, often in those encoding regulatory proteins such as proto-oncogenes (18) , growth factors (insulin-like growth factor II, platelet-derived growth factor 2, transforming growth factor-␤, fibroblast growth factor 2, and vascular endothelial growth factor) and their receptors, and homeodomain proteins (14) . In some of these cases, initiation is driven from internal ribosome entry sites (IRES) that allow for cap-independent translation, thus affording another level of control over protein expression. Specific sulfated sugar sequences in cell-surface heparan sulfate can bind to many of these growth factors and facilitate signaling (19) . Thus, capindependent translational regulation of NDST expression and the growth factors may be coordinated to fine-tune growth responses in target cells. Here, we report the comparison of the 5Ј-UTRs of the NDSTs, their regulatory properties with respect to translation, and the presence of complex UTRs in other enzymes involved in heparan sulfate biosynthesis. Our findings suggest the possibility of coordinated translational control over several components of growth factor signaling pathways.
EXPERIMENTAL PROCEDURES
5Ј-RACE-The 5Ј-UTRs of murine NDST1-4 were obtained by 5Ј-RACE of cDNA derived from the following tissues: NDST1 from skin, muscle, and testis; NDST2 from embryonic tissues (IMAGE mouse Soares clone 1498585; Incyte Genomics); NDST3 from liver and embryonic tissues; NDST4(short) from brain and embryonic tissues; and NDST4(long) from embryonic tissues. cDNA (Sure-Race TM , OriGene Technologies) was used as a template with the following nucleotide primers for the first round of PCR amplification: adapter primer 1 (sense), CGGAATTCGTCACTCAGCG; antisense mNDST1, CCAGGG-TACTCGTTGTAGAAG; mNDST2, GATCGTGTGGGTGAAGAGGC; mNDST3, TCCGTGAATACTCTTGTCCAG; and mNDST4, AGGTG-TATAAGCCGAGGCGG. PCR conditions were as follows: hot start (HotStar Taq polymerase, Qiagen, Inc.) for 5 min and 20 cycles of 94°C for 30 s, 59°C for 20 s, and 72°C for 2 min. The following primers were used for the second round of amplification: adapter primer 2 (sense), AGCGCGTGAATCAGATCG; antisense mNDST1, CTACCTCACTGG-GCCGTGTC; mNDST2, CGGCTAGGGCGGGTGAGATG; mNDST3, GCTTGGATGATTTGGTCACACG; and mNDST4, ACTTTGGGGCCT-TTGGTAATATG. PCR conditions were as follows: one-tenth of the first reaction as template; hot start for 5 min; and 35 cycles of 94°C for 20 s, 59°C for 30 s, and 72°C for 2 min. PCR products were gel-purified (QiaQuick gel purification kit, Qiagen, Inc.), cloned into pGEM (Promega Corp.), and sequenced. The presence of NDST coding sequence at the 3Ј-end of the products confirmed their identity. The human 5Ј-UTR cDNA sequences were obtained by analysis of cDNA (expressed sequence tags) and genomic sequences in the NCBI Databases.
Construction of the Reporter Constructs-The chloramphenicol acetyltransferase (CAT) cassette was amplified by PCR from plasmid pcDNA3.1/Zeo/CAT (Invitrogen Corp.) using the sense primer AG-ATCTCCGCTCGAGCTTCGACGAG and the antisense primer AGAGCTCTTCAGGCGTAGCACCAGG. The product was ligated into pGEM and sequenced, and the CAT coding region was cloned into plasmid pEGFP-N1 (CLONTECH) using BglII and SacI (Invitrogen), producing pCAT-EGFP-N1. NDST1-4 5Ј-UTRs and subfragments and the IRES segment from encephalomyocarditis virus (EMCV) obtained from plasmid pIRESneo (CLONTECH) were amplified and cloned into pGEM for sequencing. The following primers were used: EMCV-IRES, AAGGATCCATATTGGCTGCAGGAATTATCC (sense) and AAAAGCT-TATCTAGGGCGGCCAATTCGC (antisense); NDST1-UTR, TGCTGG-CGTCCCGGCCG (sense) and AAGGATCCATTCTGGATCCCAAGATC-TCAATC (antisense); NDST2-UTR, TGCCACCCAGCGTGGAGG (sense) and AAGGATCCATGGCGAGGAGAAGAGAGGGA (antisense); NDST3-UTR, CTGGGGGAGGCGGCTG (sense) and AAGGATCCATG-TTGGGTGCACTTCGTTGATT (antisense); NDST4-UTR-L (long 5Ј-U-TR), AAAAGCTTAGAAGCAGACAGGAGCAGCTG (sense) and AAGG-ATCCCATTGCAAATCATGGGAGATTC (antisense); NDST4-UTR-S (short 5Ј-UTR), AAAAGCTTACCGGCACCGGAGCTGAGG (sense) and AAGGATCCATTTTAAAAATCAATGCGTT (antisense); and NDST4-U-TR⌬100 sense NDST4-UTR-L, AAGGATCCCATTGCAAATCATGGGA-GATTC (antisense). The products were then cloned into pCAT-EG-FP-N1 employing HindIII and BamHI, which placed them between the CAT and green fluorescent protein coding sequences. Primers were constructed in a way that the original AUG start codon following the 5Ј-UTRs would be in frame and seven codons upstream of the AUG codon of enhanced green fluorescent protein (EGFP). The resulting constructs were confirmed by restriction digestion and sequencing.
Cell Ϫ5 M ␤-mercaptoethanol. All media were supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin sulfate. Cells were transfected in six-well plates with 2 g DNA/well using LipofectAMINE (Invitrogen) according to the manufacturer's instructions. After 24 h, the cells were harvested for enzyme-linked immunosorbent assay of CAT using the commercial lysis solution supplied by the manufacturer (Roche Molecular Biochemicals). Based on CAT expression, equal samples were separated by gel electrophoresis on a 12.5% SDS-polyacrylamide gel and Western-blotted with Living Colors anti-EGFP monoclonal antibody 8362-1 (CLONTECH), followed by reaction with horseradish peroxidase-conjugated goat anti-mouse antisera (Bio-Rad). After development using the SuperSignal system (Pierce), the blot was scanned, and the amount of EGFP was determined using ImageQuant software (Molecular Dynamics, Inc.). The total protein concentration in each sample was determined by the Bradford assay.
RNA Analysis-Total RNA was isolated using Trizol reagent (Invitrogen) according to the manufacturer's instructions. Northern blotting was performed on a Nytran membrane (Schleicher & Schü ll). The blot was hybridized with a 32 P-labeled probe prepared from the EGFP sequence (Prime-It kit, Stratagene) and exposed to x-ray film.
In Vitro Translation-NDST1-4 and EMCV 5Ј-UTR-EGFP segments were amplified from the reporter constructs by PCR with the respective 5Ј-sense primer derived from the UTR and the reverse primer from EGFP (5Ј-CCTCTACAAATGTGGTATGGCTGATTA-3Ј). The fragments were ligated into pGEM and sequenced, and the 5Ј-UTR-EGFP fragments were released using NotI and XhoI for ligation into plasmid pBS. RNA was synthesized using the T7 Cap Scribe kit (Roche Molecular Biochemicals) according to the manufacturer's instructions. The quantity and integrity of the RNA were assessed by gel electrophoresis, and equal amounts of RNA were used in a reticulocyte translation kit (Roche Molecular Biochemicals) with added [
35 S]methionine (Ͼ800 Ci/ mmol; PerkinElmer Life Sciences). Reactions were also run in the presence of the cap analog m 7 G(5Ј)ppp(5Ј)G (2 mM; Ambion Inc.) to suppress cap-dependent translation. A CAT construct lacking a UTR was also used in the same assays to measure reduction of capdependent translation in the presence of the cap analog. Radioactive EGFP was quantitated after SDS-PAGE, Western blotting, and scintillation counting of the excised bands.
mRNA Folding Predictions-A folding algorithm was used to predict the secondary structure of NDST1-4 5Ј-UTRs (20, 21) . Predictions were performed using MFOLD via the Rensselaer Polytechnic Institute server. 2 Generation of Isoform-specific Antibodies against NDST1-3-The isoform-specific stem sequences of NDST1 (amino acids 45-78; GenBank TM /EBI accession number AF074926), NDST2 (amino acids 43-81; GenBank TM /EBI accession number AF074925), and NDST3 (amino acids 40 -74; GenBank TM /EBI accession number AF221095) were expressed as GST fusion proteins in Escherichia coli, purified as described (22) , and injected into rabbits (Alpha Diagnostic, San Antonio, TX). Rabbits were boosted twice, and sera were obtained 63 days postimmunization. Approximately 0.5 mg of GST-stem fusion protein was used for each immunization. Purification of isoform-specific antibodies was performed as follows. Purified GST-stem fusion protein was covalently bound to Affi-Gel (25 mg/ml of gel slurry; Bio-Rad), and sera were first cross-absorbed to NDST stems of the three other isoforms. Then, the eluate was applied to a column containing the stem construct used for immunization. After extensive washing with phosphate-buffered saline and 0.1 M glycine HCl (pH 5.0), the bound antibodies were eluted with 1 ml of 0.1 M glycine HCl (pH 3.0), and the pH was immediately neutralized with 90 l of 1 M Tris-HCl (pH 8.0). Eluted antibodies were washed with phosphate-buffered saline using Microcon microconcentrators (Amicon, Inc.) and used immediately.
Determination of NDST1-3 mRNAs and Protein Levels-mRNA was isolated from brains of 6-week-old female C57BL/6 mice and day 13 embryos using Trizol reagent, and cDNA was synthesized using the SuperScript preamplification system (Invitrogen). Reverse transcription-PCR was performed using the following intron-spanning primer pairs: NDST1, CTTGAGCCCTCGGCAGATGC (sense) and CCAGGG-TACTCGTTGTAGAAG (antisense); NDST2, AGGAACCCTTGCCTCT-GCCC (sense) and GATCGTGTGGGTGAAGAGGC (antisense); and NDST3, GAAAGTGAAGTCTCTGGGCGG (sense) and TCCGT-GAATACTCTTGTCCAG (antisense). PCR conditions were as follows: hot start for 5 min and 20 -30 cycles of 94°C for 30 s, 57°C for 20 s, and 72°C for 2 min. Equal amounts of brain and embryonic proteins were separated by SDS-PAGE, Western-blotted, incubated with purified rabbit anti-NDST1-3 antibodies, followed by horseradish peroxidase-conjugated secondary goat anti-rabbit IgG (Bio-Rad), and developed using the SuperSignal system.
RESULTS
Cloning and Characterization of the 5Ј-UTRs of NDST1-4 -mRNAs for NDST1 and NDST2 are widely and abundantly expressed in mouse and human tissues, suggesting important roles in heparan sulfate biosynthesis (7, 23) . Surprisingly, targeted disruption of these genes affects development in a somewhat restricted fashion (8 -11) . NDST1-deficient mice die in utero or shortly after birth, whereas NDST2 deficiency results only in connective tissue-like mast cell defects. These observations suggest that the expression of one or both of these enzymes might be regulated by a post-transcriptional mechanism. To examine this possibility, the structure of the 5Ј-UTRs of murine and human NDST1 and NDST2 were examined, as well as the two more recently identified isozymes, NDST3 and NDST4 (6, 7). Full-length sequences were obtained by 5Ј-RACE and comparison with genomic clones from the NCBI, 3 EBI, 4 and Celera 5 Databases and with genomic bacterial artificial chromosomes (BAC) clones for the mouse (Fig. 1) . The 5Ј-UTRs of mouse and human NDST1, NDST3, and NDST4 consist of two exons, which, when spliced, give rise to the predominant 5Ј-UTR sequences (Fig. 1) . The 5Ј-UTRs of both mouse and human NDST4 exist in two forms of different lengths (669 and 377 bases) due to alternative promoter use. In both mice and humans, the long form is transcribed from a TATA-less promoter, whereas the shorter form possesses a CAAT/TATA box 77/68 bases upstream of the start site. Both transcripts are found in human cDNAs (7) and in mouse embryos (day 9.5 and day 12.5). The shorter one is also present in adult mouse brain cDNA. The 5Ј-UTR of NDST2 contains four exons, and at least two different 5Ј-UTRs can be found in cDNA preparations, depending on the source of mRNA (embryonic cells versus mast cells) (24) . The splice sites in all of the NDSTs correspond to the consensus motifs (
The 5Ј-UTRs in the four NDST mRNAs varied in length, predicted secondary structure, and folding energies ( Fig. 2 and Table I ). Secondary structures with free energies of folding of Ϫ50 kcal/mol or less are generally thought to be sufficient to impose a strong block on cap-dependent scanning (14) . Moreover, each of the 5Ј-UTRs contained potential start sites for translation (uAUGs) upstream of the open reading frame, some of which have a strong Kozak consensus sequence for translation initiation. Because uAUGs can inhibit scanning, the predicted structures of all NDST 5Ј-UTRs can be assumed to impose strong restrictions on conventional cap-dependent translation.
Sequence analysis did not reveal any significant homologies in 5Ј-UTR sequences across the NDST isozymes. However, regions of each UTR had high sequence identity in mouse and human homologs, with regions of homology spanning 53% of the 5Ј-UTR for NDST1, 11% for NDST2, 30% for NDST3, and 89% for NDST4. Nearly all of the uAUGs lie within these Analysis of genomic sequences revealed two exons encoding the UTRs of NDST1, NDST3, and NDST4. Two different NDST4 5Ј-UTRs arise from alternative promoters. The 5Ј-UTR of NDST2 is encoded by four exons that can be alternatively spliced to give rise to two predominant messages.
conserved regions, suggesting an evolutionarily conserved function. These regions of homology are unique to the NDSTs, as other mRNAs containing these sequence elements were not detected by searching the mouse and human genomes.
Cell Type-specific Translational Activity of NDST 5Ј-UTRs-To test how the various UTRs affect translation, a bicistronic vector was created in which the strong immediateearly cytomegalovirus promoter was placed upstream of the reporter genes CAT and EGFP. Three in-frame stop codons were present after CAT, substantially inhibiting reinitiation at the downstream EGFP (i.e. through a scanning-dependent mechanism). The intervening segment contained HindIII and BamHI restriction sites that were used to insert the various NDST 5Ј-UTRs (Fig. 3A) . Thus, CAT expression was driven predominantly by cap-dependent translation, whereas EGFP expression was mostly due to a cap-independent process driven by initiation elements in the 5Ј-UTRs. CAT protein was detected quantitatively by enzyme-linked immunosorbent assay, and the values obtained for each transfection were used to normalize the extent of EGFP expression determined by Western blotting. Normalizing the data in this way corrected for the variation in transfection and transcription that occurs in different cell types.
When CHO cells were transfected with the four bicistronic reporter constructs, the level of cap-dependent CAT expression was essentially constant, but dramatic differences were observed in EGFP expression. The order of expression was NDST2/4 Ͼ NDST3 Ͼ NDST1 (Fig. 3B) . This pattern differed when the constructs were introduced into other cell types. In 293T cells, the order was NDST4 Ͼ NDST1/3 Ͼ NDST2, whereas in neuronal N2a cells and COS-7 cells, the order was NDST3 Ͼ NDST4 Ͼ NDST1/2. Northern blots of CHO mRNA using a radiolabeled EGFP probe showed that the mRNA was of the expected size for the bicistronic message (Fig. 4) , indicating that translation of EGFP was driven from the 5Ј-UTR as opposed to cap-dependent translation from a truncated mes- MFOLD (20, 21) . The positions of both uAUGs in the NDST1 5Ј-UTR, the 100-base deletion introduced into the 5Ј-UTR of NDST4, and the long and short forms of NDST4 are depicted. The 3Ј-end of each UTR corresponds to the first nucleotide upstream from the translational start site.
TABLE I Properties of NDST1-4 5Ј-UTRs
The length, free folding energy, number of uAUGs, and number of uAUGs with an efficient Kozak consensus sequence (15) sage. These findings suggest that the UTRs of the NDSTs contain regulatory elements that affect their expression in a cell type-specific fashion.
uAUGs and IRES Elements-uAUGs in 5Ј-UTRs can affect the level of translation by preventing the preinitiation complex from reaching the actual AUG codon of the open reading frame (15) . To test if the uAUGs in the 5Ј-UTRs of the NDSTs behaved this way, a bicistronic construct containing the wild-type form of the 5Ј-UTR of NDST1 and forms lacking the first, second, or both uAUGs were introduced into CHO and COS-7 cells. Elimination of uAUG1 lowered the translational activity by 10 -20% in three independent assays, but deletion of uAUG2 enhanced translation by 1.7-and 5.1-fold in CHO and COS-7 cells, respectively (Table II) . Deletion of both uAUGs further enhanced translation (1.9-and 9.7-fold over the control levels), indicating that the position of the uAUG within the 5Ј-UTR was important. Changing the uAUGs did not influence the folding energy (Ϫ166 kcal/mol in the wild-type form versus Ϫ168 kcal/mol for the single-deletion isoforms and Ϫ165 kcal/ mol for the double-deletion isoform) or overall structure (data not shown). Therefore, the data suggest that at least one of the uAUGs in the 5Ј-UTR of NDST1 inhibits cap-dependent translation. The UTRs of the other NDST isoforms contain 4 -10 uAUGs, suggesting that the degree of inhibition of cap-dependent translation might be even greater. Variation in the inhibitory effects of uAUGs has also been seen in other mRNAs (13, 14, 18) .
The presence of these inhibitory elements suggested that the 5Ј-UTRs of the NDSTs might have additional features that would allow translation to occur in a cap-independent manner, e.g. through IRES. To test for the presence of these elements, capped mRNAs containing the 5Ј-UTR ligated to EGFP were employed as templates for in vitro translation in a cell-free rabbit reticulocyte lysate. A 5Ј-UTR from EMCV containing a characterized IRES served as a positive control (16) . To discriminate between cap-dependent and cap-independent translation, the cap analog m 7 G(5Ј)ppp(5Ј)G was added to one set of incubations. In control experiments, the analog (2 mM) entirely prevented cap-dependent translation from CAT mRNA (data not shown). The level of translation mediated by the 5Ј-UTR of NDST1 was very low in vitro (Fig. 5) . In contrast, the 5Ј-UTRs of NDST2-4 showed significant translational activity in the presence and absence of the analog. Comparable results were obtained using the EMCV 5Ј-UTR to drive translation, indicating that NDST2-4 contain IRES elements. The presence of an IRES in NDST1 is inferred from the variable translation observed when the bicistronic construct was introduced into cells (Fig. 3) .
The location of the IRES element was studied in the 5Ј-UTR of NDST4, as this was the first one discovered to have two forms (expressed from different promoters, Fig. 2) . The truncation of 292 bases from the 5Ј-end of the long form reduced the folding energy from Ϫ172 to Ϫ96 kcal/mol (one uAUG was present in the deleted segment). However, when EGFP bicistronic reporter constructs containing these UTRs were expressed in CHO cells, the level of expression from the short FIG. 3 . Variation in translation of EGFP in cell lines. A, the bicistronic construct consists of the cytomegalovirus promoter upstream of CAT and EGFP, with restriction sites between the reporter genes for insertion of the 5Ј-UTRs of the NDSTs. B, expression of EGFP was determined relative to CAT (see "Experimental Procedures"), and the values were scaled to the sample that gave the highest level of expression (set to 100%) for each cell type. UTR1-4 refer to the 5Ј-UTRs of NDST1-4, respectively. The average value of three independent determinations is shown, which varied by Ͻ20%. The absolute level of expression of EGFP varied greatly among the cell types (a construct containing the 5Ј-UTR of NDST1 varied 1:10:500 in N2a, COS-7, and 293T cells, respectively), whereas the level of expression of CAT differed by only ϳ3-fold. form was ϳ30% less than from the long form (Fig. 6 ). In contrast, deleting 100 bases at the 3Ј-end of the UTR, immediately upstream of the open reading frame, reduced EGFP expression by Ͼ10-fold. The same result was obtained when the construct was expressed in COS-7 cells (data not shown). This deletion eliminated 4 of the 10 uAUGs and raised the free energy of folding from Ϫ172 to Ϫ144.2 kcal/mol, which was predicted to increase cap-dependent translational activity. The reduction in translation is most readily explained by elimination of an IRES element present in the 3Ј-end of the UTR.
Serum-dependent Regulation of Translation-To determine whether culture conditions might affect translational regulation by the 5Ј-UTRs of the NDSTs, CHO cells were serumstarved for 2 days, transfected with bicistronic vectors, and incubated in growth medium with and without serum for 18 h. Serum deprivation reduced overall protein translation by ϳ50% as measured by CAT expression; and therefore, the level of EGFP expression mediated by the UTR was normalized to these values. Providing serum back to the cells had only a marginal effect on the expression of EGFP in constructs containing the 5Ј-UTRs of NDST1-3 and the control UTR from EMCV (Fig. 7A) . In contrast, expression driven from the UTR of NDST4 was dramatically increased by serum.
In the bicistronic vectors, translation occurs in a cap-independent manner. Thus, serum stimulation of NDST4 translation suggested that the IRES might be regulated by serum response factors. Stimulation of translation by serum depends on the protein kinase mTOR (mammalian target of rapamycin) (25, 26) . To test if mTOR also affects the 5Ј-UTR-dependent translation induced by serum, rapamycin was added along with serum to starved cells. As shown in Fig. 7B , rapamycin only marginally affected translation driven from the 5Ј-UTRs of NDST1-3 and EMCV. In contrast, rapamycin blocked the stimulatory effect of serum on translation driven from the 5Ј-UTR of NDST4.
Transcriptional/Translational Analysis of NDST in Tissues-These findings suggested that NDST expression may be regulated translationally. To test this hypothesis in vivo, brain tissue of an adult mouse and day 13 embryos were analyzed by reverse transcription-PCR and Western blotting using highly specific NDST antisera (Fig. 8) . NDST1 and NDST2 mRNAs were strongly expressed in both samples, whereas NDST3 mRNA was only moderately expressed, and NDST4 mRNA was not detectable under these conditions. However, analysis of protein expression in the same tissues did not correspond to the message levels. NDST1 protein expression did not differ signifi-
FIG. 8. Variation in the expression of NDST isoforms.
A, transcriptional analysis of brain tissue of an adult mouse (Br) and day 13 embryos (E) by reverse transcription-PCR showed strong expression of NDST1 (1) and NDST2 (2) mRNAs and moderate expression of NDST3 mRNA (3) in both cases. NDST4 mRNA (4) was not detectable under these conditions. B, protein expression in the same tissues did not, however, correspond to the message levels for NDST2 and NDST3. In contrast, the NDST1 protein was similarly expressed in brain and embryonic tissues.
TABLE II
Translational activity of mouse NDST1 5Ј-UTR after deletion of uAUGs Translation driven by the wild-type (WT) NDST1 5Ј-UTR was set at 100%, and the relative activities of mutants lacking uAUG1, uAUG2, or both uAUGs were determined for CHO and COS-7 cells. cantly in brain and embryonic extracts, but NDST2 and NDST3 showed wide variation in expression relative to mRNA levels. DISCUSSION NDST1-4 are important enzymes in the formation of heparan sulfate because all other modifications of the chains (Osulfation and epimerization of uronic acids) depend on the conversion of GlcNAc to GlcNSO 3 residues (27, 28) . The four isozymes have different biochemical properties that manifest as variation in substrate preference and relative activity (7) . The four isozymes are also differentially expressed in tissues, based on PCR analysis or Northern blots of mRNA (7, 23) . In this study, we have shown that the expression pattern of the NDST isozymes may also reflect differential translation in tissues dependent on their 5Ј-UTRs. The evidence is based on (i) the length and complexity of the 5Ј-UTRs from mice and human homologs, (ii) differential expression of reporter constructs in which the 5Ј-UTRs were ligated to EGFP, (iii) mutational analysis, (iv) the effects of serum and rapamycin on translation, and (v) differences in NDST protein expression relative to mRNA in brain and embryonic extracts. These findings demonstrate an important caveat in interpreting levels of enzyme expression from NDST mRNA levels. The data suggest that the level of enzyme activity contributed by the various isoforms will depend on both transcription and translation.
The presence of regulatory elements in the 5Ј-UTRs of the NDSTs may explain some of the surprising results obtained in genetic studies of mice in which individual NDSTs have been inactivated (29) . NDST1 and NDST2 mRNAs are abundantly expressed in nearly all tissues (7, 23) , and both enzymes can participate in heparan sulfate formation (6, 30) . Inactivation of NDST1 has a profound effect on development (8, 9) , suggesting a prominent role for this enzyme in many tissues. The restricted phenotype of NDST2 is surprising, however, given the widespread expression of its mRNA. The data presented here suggest that NDST2 enzyme expression may not occur even though abundant message is present. The lack of phenotype in those tissues containing both enzymes suggests that the two activities may be redundant in certain contexts.
Having 5Ј-UTR sequences with embedded IRES motifs allows cells to regulate the level of translation, which is especially relevant for regulatory factors. One of the best studied systems involves cellular iron homeostasis, which is regulated by translational control of the transferrin receptor and ferritin expression (31) . Cytoplasmic RNA-binding proteins that bind iron (iron regulatory proteins) interact with specific stem-loop structures (iron response elements) in the 5Ј-UTRs of the corresponding mRNAs, thus regulating expression of the genes according to the iron status of the cytosol. Whether similar stem-loop structures and regulatory proteins exist for the UTRs of the NDSTs awaits further analysis. Interestingly, the cell type-specific translational regulation of NDST isozymes strongly resembles the pattern of regulation of growth factors, some of which bind heparan sulfate in a sulfation-dependent manner. For example, tissue-specific regulation of fibroblast growth factor 2 translation appears to be dependent on its 5Ј-UTR (32) . Similarly, vascular endothelial growth factor regulation by hypoxia (33) and platelet-derived growth factor 2/c-sis expression that occurs during differentiation (34) are regulated in this way as well. The 5Ј-UTRs of these and other growth factors are often long, have high folding energies, contain uAUGs, and are often equipped with an IRES, which together can contribute to precise expression levels during growth and differentiation (14, 18) . The fact that many of these growth factors also bind heparan sulfate suggests the possibility of coordinate regulation of the growth factors and their heparan sulfate co-receptors.
A survey of other enzymes involved in heparan sulfate formation indicates that 5Ј-UTR-dependent regulation may extend to other biosynthetic steps (Table III) . Although clones containing the coding sequence for nearly all of the genes are now available (28) , only a few have published sequences that extend significantly into the 5Ј-UTRs. Notably, the available sequence for EXT1 and EXT2, which make up the copolymerase responsible for the formation of the polysaccharide backbone (35) , contains an extended 5Ј-UTR sequence with high folding energy and numerous uAUGs. These genes are thought to be tumor suppressors based on the loss of heterozygosity in chondrosarcomas and hepatocellular carcinomas (36, 37) . Interestingly, the glucosamine 3-O-sulfotransferases 1 and 3A also contain complex 5Ј-UTRs. These genes play pivotal roles in forming the antithrombin binding sequence and binding sites for herpes simplex virus, respectively (38, 39) . The presence of complex 5Ј-UTRs in mRNAs of various enzymes involved in heparan sulfate biosynthesis suggests that translational control may be exerted at several steps. Translational regulation coupled with transcriptional controls provides a sophisticated way to control the expression of growth-promoting and growth-inhibiting heparan sulfate chains, consistent with the important roles these polysaccharides play in cell biology (19, 28 
